We investigated the effects of betamethasone on oxidative stress and impaired vasodilation in a lamb model of persistent pulmonary hypertension (PPHN). We treated pregnant ewes following fetal ductal ligation with betamethasone or saline for 48 h before delivery. Response of fetal pulmonary arteries to nitric oxide synthase (NOS) agonist adenosine triphosphate (ATP) and nitric oxide (NO) donor, s-nitroso-n-acetyl-penicillamine (SNAP) was determined in tissue bath. Pulmonary artery endothelial cells (PAEC) from fetal lambs with ductal ligation or sham ligation were treated with betamethasone or its vehicle for 48 h. Expression of endothelial NOS (eNOS), endothelin, endothelin-B (ET-B) receptor, and CuZn-and Mn-superoxide dismutase (SOD) in PAEC was studied. Intracellular cGMP and superoxide levels and interaction of eNOS with heat shock protein 90 (Hsp90) were determined in PAEC. Antenatal betamethasone improved the relaxation response of pulmonary arteries to ATP and SNAP in PPHN. PPHN was associated with decreases in eNOS and ET-B receptor and increase in preproendothelin mRNA levels. Betamethasone decreased preproendothelin mRNA and ET-1 pro-peptide levels and increased eNOS and MnSOD protein levels in PPHN. Betamethasone reversed the increased superoxide/decreased cGMP levels and restored Hsp90-eNOS interactions in PPHN. Betamethasone reduces oxidative stress and improves response of pulmonary arteries to vasodilators in lambs with PPHN. T he pulmonary vascular resistance (PVR) in the fetus undergoes a dramatic decrease at birth with the initiation of ventilation and oxygenation. Endothelium derived nitric oxide (NO) plays a major role in this birth-related transition (1,2). Oxygen, adenosine triphosphate (ATP), and estrogen are important physiologic signals for activation of endothelial NO synthase (eNOS) at birth (2-5). Endothelium also regulates vascular tone with the release of potent vasoconstrictors, such as endothelin (6). Endothelin causes vasoconstriction and has biologic effects on NO release and smooth muscle growth (7, 8) . Failure of PVR to decrease at birth results in persistent pulmonary hypertension of newborn (PPHN) and impaired oxygenation. PPHN is associated with decreased NO release and increased endothelin production, both of which contribute to impaired pulmonary vasodilation (9,10). Recent studies in the fetal lamb model of PPHN induced by prenatal ligation of ductus arteriosus demonstrated a role for increased oxidative stress in the impaired pulmonary vasodilation (11, 12) . Both NADPH oxidase and uncoupled eNOS contribute to the increased ROS in this model (11, 12) . A coordinated regulation of endothelin and eNOS gene expression has been demonstrated in the ductal ligation model (13). Endothelin increases oxidant stress in PPHN (8) and inhibition of endothelin receptor-A attenuates pulmonary hypertension in fetal lambs (14). PPHN is also associated with a decrease in total superoxide dismutase (SOD) activity in pulmonary arteries (11). Thus, the impaired vasodilation in PPHN is associated with altered balance of pro-and antioxidant systems.
T he pulmonary vascular resistance (PVR) in the fetus undergoes a dramatic decrease at birth with the initiation of ventilation and oxygenation. Endothelium derived nitric oxide (NO) plays a major role in this birth-related transition (1, 2) . Oxygen, adenosine triphosphate (ATP), and estrogen are important physiologic signals for activation of endothelial NO synthase (eNOS) at birth (2) (3) (4) (5) . Endothelium also regulates vascular tone with the release of potent vasoconstrictors, such as endothelin (6) . Endothelin causes vasoconstriction and has biologic effects on NO release and smooth muscle growth (7, 8) . Failure of PVR to decrease at birth results in persistent pulmonary hypertension of newborn (PPHN) and impaired oxygenation. PPHN is associated with decreased NO release and increased endothelin production, both of which contribute to impaired pulmonary vasodilation (9, 10) . Recent studies in the fetal lamb model of PPHN induced by prenatal ligation of ductus arteriosus demonstrated a role for increased oxidative stress in the impaired pulmonary vasodilation (11, 12) . Both NADPH oxidase and uncoupled eNOS contribute to the increased ROS in this model (11, 12) . A coordinated regulation of endothelin and eNOS gene expression has been demonstrated in the ductal ligation model (13) . Endothelin increases oxidant stress in PPHN (8) and inhibition of endothelin receptor-A attenuates pulmonary hypertension in fetal lambs (14) . PPHN is also associated with a decrease in total superoxide dismutase (SOD) activity in pulmonary arteries (11) . Thus, the impaired vasodilation in PPHN is associated with altered balance of pro-and antioxidant systems.
Glucocorticoids were previously shown to decrease oxidative stress in lungs in the presence of inflammation (15) . Scavenging superoxide improves relaxation response of pulmonary arteries in PPHN to physiologic vasodilators, ATP, and NO (12) . Prenatal glucocorticoids accelerate the late gestational rise in fetal rat and lamb lung antioxidant enzyme activity and decrease reactive oxygen species (16, 17) . Antenatal betamethasone also improves relaxation responses to isoproterenol and prostaglandin E2 in pulmonary veins from fetal lambs (18) . We therefore investigated the hypothesis that prenatal administration of betamethasone to fetal lambs with PPHN improves the relaxation response of pulmonary arteries to NOS agonist, ATP, and to NO donor, S-nitroso-n-acetylpenicillamine (SNAP). We also investigated the hypothesis that betamethasone exposure in vitro decreases oxidative stress and increases eNOS and SOD expression in pulmonary artery endothelial cells (PAEC) isolated from PPHN lambs.
METHODS
Creation of pphn model. This study was approved by the Animal Studies Subcommittee of Research and Development Committee of Zablocki Veterans Affairs Medical Center (Milwaukee, WI). The detailed methodology for creation of the ductal ligation model was reported previously (19) . Briefly, fetal lambs underwent a left lateral thoracotomy under general anesthesia with 1-2% isoflurane administered to the ewe. The ductus arteriosus was identified and ligated with umbilical tape for creation of PPHN or left undisturbed for sham ligation, used as control. Fetal lungs were harvested after 8 d for isolation of pulmonary arteries and PAEC. Four fetal lambs each with ligation of PDA or sham procedure were used for isolation of PAEC. Eight fetal lambs with ductal ligation were also randomly assigned to receive either 12 mg of betamethasone IM given to the ewe for two doses at 24-h intervals or equal volume of saline (vehicle) to simulate antenatal therapy given for mothers in preterm labor. The first dose was given 48 h before the planned delivery and harvest of fetal lungs.
Isolation and study of pulmonary artery rings. Details of methods for isolation and study of pulmonary arteries from fetal lambs in tissue bath were reported previously (12, 19) . Third-fifth generation intrapulmonary arteries with an internal diameter of 300 -500 M were dissected and isolated from the lung. The arteries were cut into 1-mm rings and were bathed in 2 mL of physiologic salt solution at 37°C and aerated to maintain normal acid-base status and oxygenation. They were stretched to a passive tension of 0.8 g and were preconstricted with 10 -6 -10 -7 M norepinephrine. The tension reached with norepinephrine constriction for each ring was normalized to 100% and the percentage change with each dose of ATP or NO donor, SNAP (Sigma Chemical Co., St. Louis, MO) was expressed as mean Ϯ SD. Relaxation responses to 10 -8 -10 -3 M doses of ATP and SNAP were determined. Isolation and culture of endothelial cells. Pulmonary arteries were dissected into lung parenchyma up to the third-generation branches. Endothelial cells were isolated as described previously (12) with 0.1% collagenase type A (Roche Molecular Biochemicals, Indianapolis, IN). Endothelial cell identity was confirmed by acetylated LDL uptake and positive staining for factor VIII-related antigen (12, 19) . Cells for individual experiments were grown to confluence in 100-mm dishes for RNA extraction, immunoprecipitation and Western blot studies, six-well plates for cGMP assays, or in micro wells of eight-well chamber glass slides (Lab-Tek II, Nalgene Inc., Naperville, IL) for assessment of superoxide (O 2 ⅐-) levels using di-hydroethidine (DHE) fluorescence. PAEC were studied at passage 4 to maintain the phenotypical alteration produced by pulmonary hypertension in utero, as reported previously (19) .
PAEC (approximately 60% confluent) were kept in low serum media (1% FBS-DMEM) for an overnight period. The medium was then replaced with either 20% FBS-DMEM or 20% FBS-DMEM with betamethasone (Sigma Chemical Co.) at a concentration of 400 ng/mL (10 -6 M) for 48 h. The concentration of betamethasone in media is based on plasma concentrations measured in pregnant sheep plasma (20) following a single injection of 0.25 mg/kg (approximately 12 mg for a 50-kg sheep) and are 10 -20 fold higher than concentrations measured in fetal lambs (21) .
Real-time quantitative RT-PCR. Total RNA was extracted from PAEC by Trizol RNA extraction according to the manufacturer's protocol (Invitrogen, Carlsbad, CA). Specific primers for eNOS, prepro-endothelin, and endothelin B receptor (ET-Br) were designed using Beacon Designer 2.0 software. Homology between different subtypes and the template secondary structure were carefully examined and avoided. The primers were designed to result in amplicons with a length of 75-150 bp. The sequence of primers is shown in Table 1 . One microgram of total RNA was used for the reverse transcription to obtain cDNA. The mRNAs were reverse-transcribed into cDNAs by using a first strand superscript II cDNA synthesis kit (Invitrogen). The mRNA levels for eNOS, prepro-endothelin, and ET-Br were analyzed by real-time quantitative RT-PCR using a Bio-Rad iCycler system (Bio-Rad, Hercules, CA). Primers were optimized for temperature and primer concentration. Real-time PCR was performed by using a SYBR Supermix kit (Bio-Rad), and running for 40 cycles at 95°C for 20 s and 60°C for 1 min. PCR efficiency was examined by serially diluting the template cDNA and the melting curve data collected to check the PCR specificity. Each cDNA sample was triplicated and the corresponding no-RT mRNA sample and no cDNA template were included as negative controls to verify genomic DNA contamination and nonspecific primer interactions, respectively. The 18 s rRNA primer was included in every plate as internal standard. The mRNA level of each sample for each primer set was normalized to that of the 18 s rRNA (22) . Relative mRNA level was calculated per equation previously described by Pfaffl (22) for each gene of interest as 2 ٙ [(-delta delta Ct)] with control unstimulated cells as 1 and the fold increase/decrease from this value for each experimental condition shown as mean Ϯ SD from four separate experiments.
Western analysis for proteins. Cells were lysed in modified RIPA buffer (23) , which contains detergents and agents to solubilize membrane-associated proteins. The samples were sonicated, and insoluble cell debris was removed by centrifugation. The sample was heated to 70°C for 10 min, and an aliquot of protein (50 g) was removed and resolved by SDS-PAGE (10%). Separated proteins were transferred to nitrocellulose membranes and were blotted for eNOS with a specific antibody (9D10, Zymed Laboratories, South San Francisco, CA), MnSOD, CuZnSOD (Stressgen, Ann Arbor, MI), ET-B receptor (Abcam, Cambridge, MA), and ␤1 subunit of soluble guanylate cyclase (sGC, Cayman Chemical, Ann Arbor, MI), overnight at 4°C. Enhanced chemiluminescence (ECL) reagents (Amersham Pharmacia Biotech, Piscataway, NJ) were used to visualize bands. The autoradiographs were imaged with Adobe Photoshop 5.5 software and relative band densities quantified by Scion Image.
Co-precipitation studies for eNos heat shock protein (Hsp90). Confluent PAEC in 100-mm flasks were treated with Hank's buffered salt solution (HBSS) alone or with 10 -5 M ATP for 10 min. Supernatant was then removed and cells were lysed in modified RIPA buffer (23, 24) . Samples were sonicated and insoluble debris was removed by centrifugation. A 500-g aliquot of protein was used for immunoprecipitation with H32 antibody for eNOS (BIOMOL Research Laboratories, Plymouth Meeting, PA). The immunoprecipitated proteins were separated by SDS-PAGE (7.5-15%) and transblotted to nitrocellulose membrane. The membranes were blocked with 5% nonfat milk in TBS-Tween (0.1%) and then immunoblotted for eNOS and HSP90 with the use of appropriate antibodies [9D10, Zymed Laboratories and Transduction Laboratories (Lexington, KY), respectively]. The bands were visualized and quantified as described above.
cGMP-Assay in PAEC. PAEC in six-well plates were stimulated with ATP at 10 -5 M for 15 min followed by addition of cell lysis buffer (400 L/well) containing 5% dodecyltrimethylammonium and 50 mM sodium acetate, pH 5.8. The phosphodiesterase inhibitor, 3-isobutyl-1-methylxanthine (IBMX, 10 -5 M) was added to all wells to prevent degradation of cGMP. The NOS inhibitor L-NAME was added to selected wells to provide a negative control for changes in cGMP levels. The intracellular cGMP concentration in the PAECs was determined using an enzyme immunoassay (EIA) kit (Amersham Pharmacia Biotech) per methods described previously (12) . Protein concentration was measured in an aliquot of cell lysate. The cGMP levels in each well were normalized to protein concentration. Assays were performed in triplicate. The cGMP level per milligram of protein in control unstimulated well was normalized to 100% and percentage change with each condition was reported in the figures. Data are shown as mean Ϯ SD of four separate experiments.
Big endothelin-1 assay. Concentration of Big (pro) endothelin-1 (ET-1), stable precursor of ET-1 was measured in the control and PPHN PAEC treated with betamethasone by EIA method using a commercially available kit (Assay Designs Inc., Ann Arbor, MI). Protein concentration in each well was measured and the pro-ET-1 levels were expressed as picogram per milligram of protein. All data are mean Ϯ SD for four separate experiments each for control and PPHN cells.
Measurement of DHE fluorescence for O 2 ⅐-levels. Cells were grown to confluence on Lab-Tek (Naperville, IL) eight-well chamber slides. Betamethasone treatment was done as above. Growth medium was removed and replaced with HBSS. Dihydroethidine (DHE, Invitrogen) was added to each well immediately followed by ATP, both at 10 -5 M concentration in preselected wells for 15 min. Selected wells were treated with 1000 U/mL of SOD (Sigma Chemical Co.). Cells were washed with ice-cold HBSS, cover slipped, mounted, and visualized with a Nikon eclipse E600 microscope and images captured with spot RT slide camera (Diagnostic Instruments Inc., Sterling Heights, MI) and spot software v.3.5.9.1. DHE fluorescence was quantified using Metamorph software (Metavue, Universal Imaging Corporation, Downington, PA). Only fluorescence observed in excess of the wells treated with SOD was taken as indicative of O 2 ⅐-level (SOD-inhibited DHE fluorescence). Data are shown as mean Ϯ SD of six separate experiments.
Statistical analysis. For comparisons between treatment groups, the null hypothesis was tested by a single-factor ANOVA for multiple groups or unpaired t test for two groups. Significant differences (p Ͻ 0.05) between experimental groups were determined by Duncan's post hoc test for multiple comparisons.
RESULTS
Betamethasone effect on the relaxation response of pulmonary arteries. Pulmonary artery rings from PPHN lambs that received saline injections to the ewe failed to show relaxation responses to ATP and to NO donor, SNAP (Fig. 1) , (12) . Pulmonary arteries from lambs that received antenatal betamethasone showed significant relaxation responses to both ATP and SNAP (Fig. 1) .
Betamethasone effects on eNOS expression in PAEC. Compared with control PAEC, eNOS mRNA levels were decreased 2.5 fold in PPHN PAEC (Fig. 2A) . Betamethasone treatment did not change eNOS mRNA levels significantly. The protein levels of eNOS were decreased in PAEC from PPHN lambs (Fig. 2, B and C) . Betamethasone increased eNOS protein levels in PPHN (Fig. 2, B and C) , suggesting that it preserves eNOS protein levels without affecting eNOS transcription.
Betamethasone effects on endothelin expression in PPHN. PAEC from PPHN lambs had a nearly 3-fold increase in preproendothelin mRNA compared with control PAEC (Fig. 3A) . Betamethasone treatment resulted in a 2-fold decrease in preproendothelin mRNA levels. ET-1 pro-peptide levels showed a trend for increase in PPHN compared with control cells, though the difference was not significant. Betamethasone treatment resulted in a nearly 7-fold decrease in the ET-1 pro-peptide levels in both control and PPHN cells (Fig. 3B) . PAEC from PPHN lambs showed a 1.6-fold decrease in the mRNA levels for ET-B receptor (Fig. 4A) . This was not corrected by betamethasone treatment. ET-B receptor protein level was decreased in PPHN cells and these levels were not altered by betamethasone in PAEC from control or PPHN lambs (Fig. 4B) .
SOD expression in PPHN and betamethasone effects. The expression of CuZn SOD was not significantly different in PAEC from PPHN cells compared with control cells (Fig. 5A) . The MnSOD expression was decreased in PPHN PAEC (Fig. 5, A  and B) . Betamethasone significantly increased the expression of MnSOD in both control and PPHN PAEC (Fig. 5B) .
Superoxide levels in PAEC. PAEC from lambs with PPHN had higher DHE fluorescence at baseline compared with control unstimulated PAEC (Figs. 6 and 7) . Incubation of control PAEC with the physiologic NOS agonist, ATP did not increase the DHE fluorescence. However, PAEC from lambs with PPHN had a significant increase in DHE fluorescence in response to ATP (Figs. 6 and 7) . Betamethasone had no significant effect on DHE fluorescence in the control PAEC. Betamethasone inhibited DHE fluorescence in PAEC from PPHN lambs both at baseline and after exposure to ATP (Figs.  6 and 7) . 69 cGMP levels in PAEC. Expression of soluble guanylate cyclase was not affected by PPHN as we reported previously (12) or by betamethasone (Fig. 5A ). Betamethasone treatment resulted in a significant increase in cGMP levels in both control and PPHN cells at basal level (Fig. 8A ) and the increases were inhibited by the NOS antagonist L-NAME. Exposure to ATP increased cGMP levels in control but not in PPHN cells (Fig. 8B) . Pretreatment with betamethasone increased the cGMP levels in PPHN cells in response to ATP (Fig. 8B) . Pretreatment of cells with L-NAME inhibited the increase in cGMP levels with ATP in the presence of betamethasone. These data together suggest that betamethasone increases bioavailability of NO at basal and stimulated conditions in PAEC from PPHN lambs.
Betamethasone effects on Hsp90-eNOS association in PPHN. ATP failed to stimulate Hsp90-eNOS interaction (Fig.  9, A and B) in the PAEC from PPHN lambs, as we reported previously (12, 19) . Betamethasone treatment restored the response to ATP (Fig. 9, A and B) . These data correlate with the 
decrease in O 2
⅐-and increase in cGMP levels with ATP in hypertensive PAEC treated with betamethasone.
DISCUSSION
We report that PPHN is associated with increased expression of vasoconstrictor and endothelin and decreased expression of vasodilators, eNOS, ET-Br, and antioxidant, MnSOD. The downstream effect of this altered signaling is an increase in basal and stimulated O 2 ⅐-levels and decreased availability of NO in PPHN. Betamethasone appears to correct these alterations resulting in decreased oxidative stress in PAEC.
A number of previous studies demonstrated an increase in oxidant stress in pulmonary arteries in the ductal ligation model of PPHN. Increase in DHE fluorescence occurs in fetal lamb pulmonary arteries following ductal ligation, accompanied by increases in NADPH oxidase activity and expression (11) . An increase in NOS-derived O 2 ⅐-release due to uncoupling of NOS occurs in the endothelial cells of PPHN lambs (12) . Uncoupling of eNOS occurs due to decreased Hsp90-eNOS interactions (19) . The pulmonary arteries from PPHN lambs show improved relaxation responses in the presence of SOD mimetics (12, 19) . In addition, SOD enhances oxygenation and initiates pulmonary vasodilation in lambs with PPHN (25) . These data suggest that oxidant stress in PPHN contributes to the impaired pulmonary vasodilation observed in this condition. The improvement in relaxation response of pulmonary arteries with antenatal betamethasone is probably related to decrease in this oxidative stress in PAEC.
Betamethasone did not increase eNOS transcript in PPHN but increased the protein levels close to control values. These data suggest that betamethasone has posttranscriptional effects on eNOS expression. Betamethasone also increased basal and stimulated cGMP levels in response to ATP, suggesting increased NO availability. These data suggest that the effects of betamethasone on eNOS are nongenomic. In support of this observation, we found that betamethasone improves Hsp90-eNOS interactions in hypertensive PAEC in response to ATP. We also observed a decrease in O 2 ⅐-levels with ATP in cells treated with betamethasone. Since uncoupled eNOS is a major source of O 2 ⅐-in PPHN (12) , decrease in O 2 ⅐-levels may result from prevention of eNOS uncoupling in hypertensive PAEC.
Our studies show that prepro-endothelin mRNA is significantly increased in PPHN. ET-1 pro-peptide levels showed a trend for increase in PPHN. These data support the previous report of increased ET-1 levels in this model and in babies with PPHN (10) . We also observed that the expression of ET-Br, which mediates stimulation of eNOS by ET-1 is decreased in PPHN. These data suggest a coordinated regulation of ET-1 and eNOS in PPHN as previously reported (13) . Betamethasone decreased the prepro-endothelin mRNA and ET-1 pro-peptide levels in PAEC. Since ET-1 is a major vasoconstrictor and a pro-oxidant signal in PAEC, these data suggest a potential mechanism for reduction in oxidant stress with betamethasone. We found that betamethasone also decreases ET-1 expression and increases MnSOD expression in control PAEC. These data suggest that betamethasone has general effects on SOD and ET-1 signaling in PAEC and these effects are not specific for PPHN. A potential limitation of our approach is that we used PAEC derived from larger pulmonary arteries. The alterations in microvascular endothelial cells in PPHN and the effects of betamethasone on these alterations may be different from our observations. Previous studies in fetal lambs and rodents demonstrated that betamethasone enhances the maturation of SOD in the lung. Our studies show that expression of MnSOD, the mitochondrial SOD isoform, is decreased in PPHN, whereas, expression of CuZn SOD is not altered. Previous studies in this model reported no alteration in CuZn-and MnSOD expression, but a decrease in total SOD activity (11) . However, these studies were done in lung tissue and homogenized pulmonary arteries. Repeated courses of prenatal glucocorticoids increase antioxidant enzyme activity and reduce oxidative stress in the lungs of preterm lambs (26) . This study also demonstrated a greater increase in MnSOD than CuZn SOD expression with betamethasone. SOD enhances vasodilation in response to NOS agonists and NO in the ductal ligation model of PPHN (12, 19) . These data suggest that betamethasone has multiple biologic effects on pro-and anti-oxidant systems in PAEC, which may account for its effects on vasodilator responses in PPHN.
The dose of betamethasone we used in intact sheep was based on clinically used regimen for antenatal therapy with this agent for preterm labor. The concentration of betamethasone we added to the PAEC for in vitro studies is twice the plasma concentrations measured in pregnant sheep following a single dose of 0.25 mg/kg (20) . Since clinical use of this drug consists of two doses, we chose to add twice the measured concentration initially without addition of subsequent doses during the 48-h period. The fetal plasma concentrations reported in a recent study with a single dose of betamethasone given to the pregnant sheep are 10% of the maternal concentrations (21) . Therefore, the concentration we used for PAEC is approximately 20-fold higher than fetal plasma levels measured after administration to the mother. However, the fetal tissue concentrations of betamethasone following antenatal therapy are unknown and the distribution of the drug in vivo is more complex than values measured in plasma.
The improvement in the functional response of pulmonary arteries to ATP and NO with prenatal betamethasone suggests that this preventive approach may improve transition at birth for affected infants. However, a limitation to this approach with the current technology is the difficulty in detecting PPHN antenatally. Currently ductal constriction from known exposure to nonsteroidal anti-inflammatory drugs can be recognized by fetal cardiac ultrasonography. Future improvements in ultrasound imaging may permit detection of elevated pulmonary artery pressure to allow antenatal administration of therapies to reduce oxidative stress before birth. Current ongoing trials of antenatal betamethasone for elective cesarean section deliveries at full term or near-term gestation may address the potential efficacy of this agent in decreasing the incidence of PPHN in association with respiratory distress in this population (27) . Although babies with congenital diaphragmatic hernia or congenital heart disease are at increased 71 risk of pulmonary hypertension, we did not study the effects of betamethasone in these models.
In conclusion, we observed that PPHN is associated with a coordinated and reciprocal regulation of pro-and antioxidant systems in PAEC. Exposure of PAEC to betamethasone decreases oxidant stress and improves eNOS expression and function in PPHN. Antenatal betamethasone improves the pulmonary vascular response to vasodilators in the lamb model of PPHN. The potential translation of this benefit to improved gas exchange and restoration of pulmonary vasodilation in PPHN requires further investigation.
